kinase A (PKA) in modulating ethanol potentiation of NMDA Receptors GABA responses in cerebellar Purkinje cells (Lin et al., NMDA receptor antagonists have been shown to be 1993). Enhancement of the response to GABA by ethanol sedative/hypnotics, to have anxiolytic actions, to proin these cells is dependent on concomitant activation duce cognitive deficits, and to generalize to ethanol in of PKA. In view of the considerable cross-talk between drug discrimination studies. Initial reports of the inhibineuronal signal transduction systems that activate PKA tory actions of ethanol on the NMDA receptor-gated ion and PKC, as well as the large number of isoforms of the channels demonstrated that significant inhibitory acenzymes involved in these pathways, it is not surprising tions of ethanol were evident at concentrations of 10-20 that the acute effect of ethanol on GABA A receptor funcmM, which are related to mild to moderate intoxication tion may not be consistent from one cell type to another.
in animals, including humans. In further examination of While the mechanism by which ethanol can potentiate the actions of ethanol, both in vivo and in vitro, it became GABAA receptor function may still be controversial, it is evident that the potency of the actions of ethanol degenerally agreed that, in some neurons, low concentrapended on the brain area being examined, similar to the tions of ethanol can potentiate GABA responses. It results with the GABAA receptor. Since different brain seems reasonable to hypothesize, therefore, that the areas and even different neurons in a particular brain GABA A receptor system would adapt to the chronic area differ in their complement of NMDA receptor subpresence of ethanol in the brain, leading to changes units, such data suggested that ethanol sensitivity of in receptor properties that might be associated with NMDA receptors, like GABA A receptors, may depend on tolerance to ethanol and/or physical dependence. Althe subunit composition of the NMDA receptors (rethough one might predict that decreased GABA A recepviewed by Tabakoff and Hoffman, 1996) . tor function would lead to CNS hyperexcitability, and Studies carried out in voltage-clamped Xenopus oothus to the signs of ethanol withdrawal, there is, in fact, cytes expressing mRNA for NR1 splice variants or for little evidence for a decrease in GABA A receptor number NR1 and NR2A, NR2B, NR2C, or NR2D subunits demonor responsiveness to GABA agonists in animals that strated that both NR1 and NR2 subunits may influence have been chronically exposed to ethanol, and a recent the ethanol sensitivity of NMDA receptor complexes. electrophysiological study suggested that ethanol with- Koltchine et al. (1993) demonstrated that homomeric drawal hyperexcitability measured in isolated hippoNR1b receptors, which are distinguished by the prescampal slices is not mediated by decreased GABAence of a 21 amino acid sequence in the N-terminal induced inhibition (Whittington et al., 1992) .
region, are more sensitive to the actions of ethanol than On the other hand, there is more convincing evidence NR1a receptors, which lack this sequence. On the other for a role of the GABA A receptor complex in tolerance hand, irrespective of whether the NR1a or NR1b subunit to ethanol. In two investigations of brain preparations was expressed with NR2 subunits in Xenopus oocytes, obtained from animals that were chronically exposed to heteromeric NMDA receptors that contained the NR1/ ethanol, the potentiation by ethanol of GABA-stimulated NR2A and NR1/NR2B subunits were more sensitive to Cl Ϫ flux was greatly reduced, i.e., the system became inhibition by ethanol than heteromeric receptors contolerant to the effect of ethanol (Tabakoff et al., 1996, taining NR1/NR2C or NR1/NR2D subunits when experiand references therein). The proposal that receptors ments were carried out at saturating concentrations of with a particular subunit composition are more or less NMDA and glycine (Buller et al., 1995 , and references sensitive to ethanol would lead one to investigate therein). A further selective sensitivity of the NR1/NR2B changes in receptor subunit composition after chronic combination of subunits over the NR1/NR2A combinaethanol ingestion as an explanation of the developed tion was proposed by Lovinger (1995) , who also sugethanol tolerance. Interestingly, one of the most consisgested that ethanol sensitivity of NMDA receptors might tently observed changes has been a decreased expresbe predicted by their response to ifenprodil, which sesion (mRNA and protein) of the ␣1 subunit of the GABA A lectively interacts with receptors containing NR2B subreceptor, which was proposed to play a key role in sensiunits. tivity to ethanol (e.g., Mhatre et al., 1993) . However, there
Further examination of the actions of ethanol on enwas also an increase in zolpidem binding in brains of dogenous and recombinant NMDA receptors has demchronically ethanol-treated animals (Devaud and Moronstrated that the actions of ethanol are not mediated row, 1994), and this finding is inconsistent with the hyby interference with the binding of agonists (e.g., NMDA) pothesis that zolpidem binding predicts the sensitivity at the glutamate-binding site, nor does ethanol seem to of the GABA A receptor to ethanol potentiation. Changes interact selectively with a number of other modulatory in the expression of a number of other GABAA receptor sites on the NMDA receptor complex (Zn 2ϩ , Mg 2ϩ , polyasubunits have also been reported in various brain remine, channel-blocking drug-binding sites). A more congions after chronic ethanol exposure (Tabakoff et al., troversial issue has been the actions of ethanol on the 1996, and references therein).
function of, or at, the glycine coagonist site. The eviOne difficulty in assessing the influence of changes dence has been contradictory as to whether the effect in GABAA receptor subunit expression on the response of ethanol on NMDA receptor function is due to a modifito ethanol is the lack of information as to how these cation of glycine potency/efficacy at the coagonistchanges affect receptor stoichiometry, and, in fact, how binding site. However, recently Buller et al. (1995) found such stoichiometry affects the responses to GABA and that recombinant NMDA receptors exhibited a glycineethanol. Another factor to be considered is the evidence independent, as well as a glycine-dependent, compo-(noted above) that posttranslational modification of nent of ethanol inhibition, indicating that the actions of GABAA receptors or regulatory proteins can affect the response to ethanol.
ethanol at the NMDA receptor may involve more than one site/mechanism. The differences observed by variThe relationship of ethanol-induced changes in the ous groups in the ability of glycine to reverse ethanol NMDA subtype of glutamate receptors and the developinhibition of NMDA responses in cells from various brain ment and/or expression of ethanol physical dependence regions may reflect differences in the subunit stoichiomis based on the studies of the parallel time course for etry of the NMDA receptors in those regions, as well as increased dizocilpine binding and overt signs of ethanol other factors such as the characteristic signal transducwithdrawal in animals, electrophysiological analysis of tion pathways of particular neurons.
NMDA involvement in ethanol withdrawal hyperexcitChronic treatment of animals with ethanol has been ability, the reduction of ethanol withdrawal signs by shown to increase the number of binding sites for sev-NMDA receptor antagonists, and genetic selection studeral NMDA receptor ligands (glutamate and dizocilpine) ies relating NMDA receptor differences to sensitivity to in brain. Single-cell measurements of calcium influx usethanol withdrawal seizures (reviewed by Samson and ing fura-2 fluorescence demonstrated that the maximal Harris, 1992; Tabakoff and Hoffman, 1996) . In addition, response to NMDA of cultured cerebellar granule cells other receptor-gated (GABAA receptor) and voltagechronically treated with ethanol was enhanced, without gated (voltage-sensitive L-type) ion channel differences significant changes in the EC 50 value for NMDA, and a have also been shown to distinguish the brain tissue of similar up-regulation of NMDA responses was found in the ethanol withdrawal seizure-prone (WSP) from ethaneonatal cortical neurons cultured in the presence of nol withdrawal seizure-resistant (WSR) mice. Current ethanol (reviewed by Tabakoff and Hoffman, 1996) . Such work on the quantitative trait locus analyses of genes results might indicate that the chronic ethanol-induced responsible for withdrawal seizure sensitivity should changes in neuronal NMDA receptor number and/or shed more light on the level of involvement of these function may be an adaptive response to the direct inhibsystems in withdrawal seizures. itory actions of ethanol on the neuronal NMDA receptors.
The Actions of Ethanol on Dopamine The increases in the binding of NMDA receptor ligands Neuron Function or the function of NMDA receptors after chronic treat-
The up-regulation of NMDA receptors witnessed in ment of neurons or animals with ethanol may reflect physically dependent animals may have implications bechanges in the quantity (absolute or relative) of the yond being a determinant of CNS hyperexcitability (with-NMDA receptor subunit proteins. Trevisan et al. (1994) drawal seizures) in animals including humans. The reported an increase in NR1 protein in the hippocampus NMDA receptor system has also been shown to be imof rats fed ethanol for a 12 week period. The NR1 protein portant in modulating DA release in the nucleus accumwas also increased in hippocampus and cerebellum, bens and other brain areas, and the mesolimbic DA and the NR2A protein in hippocampus and cortex, of systems have been implicated in the reinforcing actions mice made physically dependent on ethanol by feeding of a number of addictive compounds including ethanol. of a liquid diet containing ethanol for 1 week (Snell et Acute, systemic, ethanol administration to unanestheal., 1996). There was no change in mRNA for either of tized rats has been demonstrated to produce a signifithe NMDA receptor subunits. It is of interest that the cant increase in DA release in the nucleus accumbens well-known ethanol-induced increase in the cytochrome that was accompanied by an increased firing rate of P-450IIE1 protein can be a result of protein stabilization, dopaminergic neurons in the ventral tegmental area which also occurs without changes in P-450 mRNA lev-(VTA) of brain (Brodie et al., 1990 , and references els. Follesa and Ticku (1995) , on the other hand, reported therein). NMDA receptor antagonists administered sysincreases in mRNA for NR2A and NR2B subunits in hiptemically to rats have similarly been shown to produce pocampus and cortex of ethanol-treated rats. One posan increase in DA release in the nucleus accumbens. sible explanation for the different effects on NMDA reImperato et al. (1990) have suggested that glutamate ceptor subunit mRNA levels in the two studies is that acting through NMDA receptors exerts a tonic inhibitory the methods of ethanol administration (repeated gavage control over DA release in the nucleus accumbens and in the study of Follesa and Ticku versus liquid diet adthat blockade of these receptors would relieve this conministration in the study of Snell et al.) may produce trol. During ethanol withdrawal, the firing rates and the differing levels of ethanol intoxication and/or amounts number of spontaneously active dopaminergic neurons of stress in the animals. In cultured cells, mRNA for a in the VTA are significantly reduced. Concomitantly, the 71 kDa glutamate-binding protein, which may be part release of DA in the nucleus accumbens of rats undergoof the functional NMDA receptor complex in certain neuing ethanol withdrawal is significantly diminished (Diana rons, was increased by 50% concomitant with increased et al., 1993) . This decreased release of DA in the nucleus protein and increased response to NMDA noted in these accumbens was reversed by administration of ethanol ethanol-exposed cells (Hoffman et al., 1996) . or by dizocilpine. Caution must be used in extrapolating the effects of
The acute and chronic actions of ethanol on NMDA ethanol noted in primary cultures of embryonic or neonareceptors suggest a mechanism by which ethanol can tal neurons to the adult nervous system, because ethamodulate DA release in the nucleus accumbens and nol may be altering the developmental profiles of the other brain areas (e.g., ventral striatum). Ethanol, like NMDA receptors in the neurons in culture (e.g., Blevins other NMDA receptor antagonists, could increase DA et al., 1995) by events that may not occur in adult brain.
release through its acute inhibitory actions on NMDA There is, however, evidence that the changes witnessed receptor function. The up-regulation of brain NMDA rein cultured neurons in dizocilpine and glutamate binding, ceptors during chronic ethanol ingestion by animals may levels of the NR1 subunit protein, and levels of the glutaincrease the level of tonic inhibition of DA release by mate-binding protein also occur in the brains of chronically ethanol-treated adult animals.
NMDA receptors.
Samson and Harris (1992), however, proposed that intake, the NMDA receptor by mediating actions of gluonly a portion of the control of ethanol intake by animals tamate on dopaminergic neurons, which influence reinwas mediated by the mesolimbic dopaminergic pathforcement, and GABA through actions downstream of ways. Other systems, including the serotonergic (Trifunthese neurons, on processes that control termination of ović and Brodie, 1996) and GABAA receptor systems of ethanol intake. It is enticing to think that the witnessed the nucleus accumbens (Hodge et al., 1995) have been adaptive changes in GABA A and NMDA receptor sysshown to provide additional controls for ethanol intake.
tems would not only underlie the phenomena of tolerFor instance, experiments in which muscimol was adance and physical dependence on ethanol, but would ministered into the nucleus accumbens in rats demonalso contribute to difficulties that alcohol-dependent instrated that GABAA receptor containing systems may dividuals experience in controlling their drinking and be involved in early termination of ethanol self-administheir compulsion to drink alcohol. tration but not be involved in the initiation or maintenance of ethanol-reinforced responding. The adaptive Although it is important to understand the neural sys-508, 65-69. tems that modulate ethanol intake in unselected popula- Buller, A.L., Larson, H.C., Morrisett, R.A., and Monaghan, D.T. (1995) .
tions of animals under conditions in which the animals Mol. Pharmacol. 48, [717] [718] [719] [720] [721] [722] [723] are not dependent on ethanol ("normal" population), a
Criswell, H.E., Simson, P.E., Knapp, D.J., Devaud L.L., McCown, more illuminating investigation into ethanol "addiction" T.J., Duncan, G.E., Morrow, A.L., and Breese, G.R. (1995) . J. Pharmashould also include examination of the role of particular col. Exp. Ther. 273, [526] [527] [528] [529] [530] [531] [532] [533] [534] [535] [536] neuronal systems in animals selectively bred for high Devaud, L.L., and Morrow, A.L. (1994) . Eur. J. Pharmacol. 267, levels of ethanol intake and in animals that are physically 243-247. dependent on ethanol. Systems of modest influence on Diana, M., Pistis, M., Carboni, S., Gessa, G.L., and Rossetti, Z.L.
ethanol intake in the "normal" population may take on (1993) . Proc. Natl. Acad. Sci. USA 90, [7966] [7967] [7968] [7969] a greater importance in animals genetically predisposed Follesa, P, and Ticku, M.K. (1995). Mol. Brain Res. 29, 99-106. to high levels of ethanol consumption and in ethanol- ethanol self-administration induced a greater release of Hodge, C.W., Chappelle, A.M., and Samson, H.H. (1995) . Alcohol DA in the nucleus accumbens of P rats (selectively bred Clin. Exp. Res. 19, 1486 -1493 to prefer ethanol to water) than in an unselected popula- Current evidence is providing a view of the actions of ethanol that indicates that this simple two-carbon mole- Lovinger, D.M. (1995) . J. Pharmacol. Exp. Ther. 274, [164] [165] [166] [167] [168] [169] [170] [171] [172] cule demonstrates significant specificity in its actions. Mhatre, M.C., Pena, G., Sieghart, W., and Ticku, M.K. (1993) . J. Neurochem. 61, 1620 Neurochem. 61, -1625 Even within ethanol-sensitive systems such as the GABA A and NMDA receptors, differential sensitivity is Mihic, S.J., and Harris, R.A. (1996) . In Pharmacological Effects of Ethanol on the Nervous System (Boca Raton, Florida: CRC Press), apparent and based on the subunit composition of these pp. 51-72. receptors. Additionally, posttranslational modification, Samson, H.H., and Harris, R.A. (1992) . Trends Pharmacol. Sci. 13, particularly the phosphorylation state, of certain GABAA 206-211. and NMDA receptor subunit combinations can add anSigel, E., Baur, R., and Malherbe, P. (1993) . FEBS Lett. 324, [140] [141] [142] other layer of selectivity to the acute actions of ethanol.
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